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____ A b s t r a c t  

Space p l a t f o r m s  a r e  p lanned f o r  t h e  e a r l y  
1990 's  wh ich  can be s e r v i c e d  by t h e  S h u t t l e  
O r b i t e r .  and a t  a l a t e r  da te ,  v i a  t h e  Space Sta- 
t i o n .  Man-tended p l a t f o r m s  a r e  s m a l l e r  t h a n  the  
manned Space S t a t i o n  and have s i g n i f i c a n t l y  lower 
requ i remen ts  f o r  p r o p u l s i o n  t o t a l  impu lse .  None- 
t h e l e s s ,  t h e  b a s i c  requ i rements  o f  i n t e g r a t i o n  w i t h  
t h e  Space T r a n s p o r t a t i o n  System, a l t i t u d e  mainten- 
ance, reboos t ,  a t t i t u d e  c o n t r o l ,  and c o l l i s i o n  
avo idance must be  met. The s e l e c t i o n  o f  a p ropu l -  
s i o n  system f o r  t h e  man-tended p l a t f o r m  has been 
i n f l u e n c e d  by t h e  p lanned use o f  r e s i s t o j e t s  f o r  
d r a g  make-up on t h e  manned Space S t a t i o n .  For t h a t  
a p p l i c a t i o n ,  a r e s i s t o j e t  has been des igned t h a t  
i s  capab le  o f  o p e r a t i o n  w i t h  a w ide  v a r i e t y  o f  p r o -  
p e l l a n t s ,  i n c l u d i n g  wa te r .  Th is  paper discusses 
t h e  reasons f o r  s e l e c t l o n  o t  wa te r  as t h e  prope i -  
l a n t ,  per fo rmance o f  r e s l s t o j e t s  u s i n g  water ,  and 
d e s c r i b e s  t h e  man-tended p l a t f o r m  and i t s  miss ion  
requ i remen ts .  

I n t  roduc t i on 
_______I 

l h e  purpose o f  t h i s  paper i s  t o  p resen t  a 
n o v e l  d e s i g n  f o r  a man-tended p l a t f o r m  and t h e  
d e s i g n  and i n t e g r a t i o n  o f  a r e s i s t o j e t  p r o p u l s i o n  
system. These man. tended space p l a t f o r m s  w i l l  be  
s e r v i c e d  i n i t i a l l y  by t h e  S h u t t l e  O r b i t e r  and a t  a 
l a t e r  d a t e  f r o m  t h e  Space S t a t i o n .  Th is  paper p r e -  
sen ts  t h e  d e s i g n  o f  one such man-tended p la t fo rm,  
I t s  v a r i o u s  subsystems, and t h e  use o f  a r e s i s t o j e t  
u s i n g  wa te r  as t h e  p r o p e l l a n t  t o  ach ieve  a l l  o f  t h e  
p r o p u l s i o n  r e q u i r e d  f o r  t h i s  p l a t f o r m .  

Many s t u d i e s  have been conducted i n  t h e  p a s t  
concerned w i t h  p r o p u l s i o n  on smal l ,  man-tended 
p l a t f o r m s  o r  Space S t a t i o n s  l h e s e  s tud ies  
have examined t h e  use o f  t h e  l o w - t h r u s t  r e s l s t o j e t  
as t h e  means t o  p r o v i d e  t h e  f u n c t i o n s  o f  o r b i t  
keep ing  and c o n t r o l  moment gy ro  (CMG) d e s a t u r a t i o n .  
l h e s e  s t u d i e s  have shown t h a t  t h e r e  a r e  o p e r a t i o n a l  
advantages f o r  a low t h r u s t  p r o p u l s i o n  system, 
e s p e c i a l l y  one t h a t  has t h e  c a p a b i l i t y  t o  u t i l i z e  
t h e  wastes f r o m  v a r i o u s  subsystems and a t tendan t  
exper imen ts  o r  p a y l o a d s . 3 ~ 4  
been des igned wh ich  has demonstrated t h e  a b i l i t y  
t o  o p e r a t e  f o r  l o n g  p e r i o d s  o f  t i m e  on a wide v a r i -  
e t y  of  p r o p e l l a n t s . 5 - 7  
p rogram has b a s e l i n e d  t h a t  r e s l s t o j e t  f o r  the low-  
t h r u s t  p r o p u l s i o n  system. 

Texas has des igned a man-tended space p l a t f o r m  t h a t  
i s  p lanned t o  be i n  o r b i t  i n  t h e  e a r l y  1990's.  
l h i s  w i l l  be a man-tended f a c i l i t y ,  launched and 
s e r v i c e d  by t h e  Space S h u t t l e  O r b i t e r  and perma- 
n e n t l y  l o c a t e d  i n  l o w - E a r t h  o r b i t .  Based on t h e  
s t u d i e s  t h a t  were done p r e v i o u s l y ,  t h e  r e s i s t o j e t  

A r e s i s t o j e t  has 

The p resen t  Space S t a t i o n  

Recen t l y ,  Space I n d u s t r i e s ,  I n c .  o f  Houston, 

has been s e l e c t e d  t o  be t h e  p r ime  p r o p u l s i o n  system 
f o r  t h i s  p l a t f o r m .  

T h i s  paper w i l l  p r e s e n t  reasons f o r  t h e  s e l e c -  
t i o n  o f  wa te r  as t h e  p r o p e l l a n t  f o r  t h e  p r o p u l s t o n  
system, d e s c r i b e  t h e  o p e r a t i o n  o f  t h e  man-tended 
p l a t f o r m  and i t s  p r o p u l s i o n  requ i remen ts ,  and 
r e v i e w  t h e  s t a t u s  o f  l o n g - l i f e  r e s i s t o j e t s  and p r e -  
s e n t  t h e i r  expec ted  performance. A p o s s i b l e  p r o -  
p u l s i o n  system w i l l  be p resen ted  t h a t  i n c l u d e s  
p r o p e l l a n t  s to rage ,  d i s t r i b u t i o n ,  and power 
p rocess ing .  

Background 

R e s i s t o j e t s  have been b a s e l i n e d  f o r  ' t h e  Space 
S t a t i o n  p r o p u l s i o n  system t o  p r o v i d e  d r a g  makeup 
and r e a c t i o n  c o n t r o l  . 6 ~ 8  
r e s i s t o j e t  can p r o v i d e  l o w  i e v e i s  o f  t h r u s t  whiie 
d i s p o s i n g  o f  a v a r i e t y  o f  f l u i d s  expec ted  t o  be  
p r e s e n t  i n  excess q u a n t i t i e s  on t h e  Space S t a t i o n  
c o r e .  Us ing  waste  f l u i d s  f o r  p r o p u l s i o n  r e s u l t s  
i n  a s i g n i f i c a n t  c o s t  s a v i n g  a s s o c i a t e d  w i t h  p r o -  
p e l l a n t  r e s u p p l y  and waste  f l u i d  d i s p o s a l  by  r e t u r n  
f r o m  o r b i t .  The b a s i c  techno logy  i s  i n  p l a c e  t o  
o p e r a t e  m u l t l p r o p e l l a n t  r e s i s t o j e t s  f o r  p e r i o d s  i n  
excess o f  l o 4  hr  on hydrogen, methane, steam, 
a i r ,  carbon d i o x i d e .  and i n e r t  gases.5.9 
l a n t s  f o r  t h e  c u r r e n t  Space S t a t i o n  a r e  d e r i v e d  
f r o m  t h e  Env i ronmenta l  C o n t r o l  and L i f e  Suppor t  
System (ECLSS), M a t e r i a l s  Technology L a b o r a t o r i e s  
(MIL ) ,  a t t a c h e d  pay loads ,  o r  t h e  S h u t t l e  O r b i t e r .  

I n  t h e  1965-70 p e r i o d ,  NASA pursued develop-.  
ment o f  a Manned O r b i t a l  Research L a b o r a t o r y  (HORL) 
t o  suppor t  E a r t h  surveys ,  b a s i c  sc iences ,  and t h e  
techno logy  f o r  space systems and o p e r a t i o n s .  
F i g u r e  1 I s  a s k e t c h  o f  t h e  MORL. E i g h t  m u l t i p r o -  
p e l l a n t  r e s i s t o j e t  modules were t o  p r o v i d e  t h e  
l a b o r a t o r y  o r b i t  keep ing  and c o n t r o l  moment g y r o  
d e s a t u r a t l o n  f u n c t i o n s .  The s e l e c t e d  p r o p e l l a n t s  
were carbon d i o x i d e .  methane, and steam. T h r u s t  
l e v e l s  p e r  t h r u s t e r  were about  120 mN a t  t h e  
r e s l s t o j e t  h e a t e r  power l e v e l  o f  100 t o  150 W. 
Tab le  1 i t e m i z e s  some o f  t h e  subassembl ies t h a t  
compr ised t h e  r e s i s t o j e t  module. I n  a d d i t i o n  t o  
t h e  t h r u s t e r s ,  power c o n t r o l l e r s ,  f l o w  c o n t r o l s ,  
and p r o p e l l a n t  s to rage  and d i s t r i b u t i o n  were a l s o  
p r o v i d e d .  

The m u l t l p r o p e l l a n t  

P rope l -  

l h e  s e l e c t i o n  o f  t h e  b iowas te  r e s i s t o j e t  sys- 
tem f o r  t h e  MORL was t h e  r e s u l t  o f  d e t a i l e d  system 
t r a d e  s t u d i e s . l . 2  
s e l e c t e d  because i t  used excess ECLSS e f f l u e n t s ,  
p r o v i d e d  near  zero  g r a v i t y  env i ronment ,  m in im ized  
e x t e r n a l  con tamina t ion .  and was adap tab le  t o  chang- 
i n g  m i s s i o n  requ i remen ts .  I n  a d d i t i o n  t o  t r a d e  
s t u d i e s ,  a r e s i s t o j e t  system s tudy  d e f i n e d  t h e  
t h r u s t e r  subassembl ies and t h e  b iowas te  s t o r a g e  

The r e s i s t o j e t  system was 
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f eed  systems, t h u s  p r o v i d i n g  d l r e c t i o n  f o r  subse- 
quent  system development and q u a l  I f  I c a t i  on. 3 94 
A ground t e s t  demons t ra t l on  o f  a r e s i s t o j e t  p r o p e l -  
l a n t  management and c o n t r o l  system was one o f  t h e  
b a s i c  elements o f  t h e  HORL p r o p u l s l o n  program. The 
s to rage  and feed  system t e s t  bed shown I n  F i g .  2 
I n c l u d e d  compressors,  pumps, a steam genera to r ,  and 
f l o w  c o n t r o l  e lements  capable o f  s u p p l y i n g  p r o p e l -  
l a n t  t o  t h e  t h r u s t e r  module. P r e l i m i n a r y  eva lua-  
t i o n  o f  b a s i c  components i n c l u d l n g  t h r u s t e r s ,  steam 
genera to r ,  pumps, and compressors was under taken,  
b u t  t h e  system demonst ra t ion  was n o t  completed 
because t h e  MORL program was t e r m i n a t e d .  

From 1984 th rough  1987, a p r o p e l l a n t  r e s l s t o -  
j e t  e f f o r t  has been an I n t e g r a l  p a r t  o f  t h e  p r o p u l -  
s i o n  p o r t i o n  o f  t h e  Advanced Development Program 
f o r  t h e  Space Sta t1on.b  I n  1986. t h e  r e s l s t o j e t ,  
a l o n g  w i t h  h i g h - t h r u s t  hydrogen-oxygen t h r u s t e r s ,  
was b a s e l i n e d  as t h e  Space S t a t i o n  p r o p u l s i o n  sys- 
tem. These p r o p u l s i o n  concepts were s e l e c t e d  a f t e r  
e x t e n s i v e  c o s t / t r a d e  analyses I n d i c a t e d  s i g n i f i c a n t  
sav ings  I n  b o t h  l i f e  cyc le  c o s t s  and up and down 
w e i g h t  l o g l s t l c s . ~ ~ ~ ~ ~  P r e l i m i n a r y  s t u d i e s  were 
per fo rmed t o  d e f l n e  the  des lgn  o f  a r e s l s t o j e t  p ro -  
p u l s l o n  module, and how I t  migh t  I n t e g r a t e  w l th  a 
cand ida te  waste f l u i d  management system.8.12 The 
p r o p u l s i o n  module cons is ted  o f  two I d e n t i c a l  sub- 
assembl ies ,  one o f  which I s  redundant,  F i g .  3. 
Each subassembly cons is t s  o f  f o u r  m u l t l p r o p e l l a n t  
r e s l s t o j e t s  w l t h  f l o w  c o n t r o l  components, power 
c o n t r o l l e r ,  and a steam g e n e r a t o r .  The r e s l s t o j e t  
p r o p u l s l o n  module would be l o c a t e d  a t  t h e  end o f  
an extended boom, behlnd t h e  Space S t a t i o n  common 
modules as i l l u s t r a t e d  i n  F i g .  4 .  I n  p r a c t l c e ,  t h e  
r e s l s t o j e t s  would be used t o  m a i n t a i n  t h e  a l t l t u d e  
o f  t h e  Space S t a t i o n .  The o p e r a t i o n a l  d u t y  c y c l e  
would depend marked ly  on t h e  t o t a l - I m p u l s e  r e q u i r e -  
ments f o r  each s o l a r  year and t h e  amount o f  waste 
m a t e r l a l  t o  be e x p e l l e d .  

P r o p e l l a n t  S e l e c t l o n  

Water has been se lec ted  as t h e  p r o p e l l a n t  f o r  
t h e  r e s l s t o j e t s  on t h e  man-tended space p l a t f o r m .  
Th is  s e l e c t i o n  i s  a d i s t i n c t  d e p a r t u r e  f r o m  p r e v l -  
ous p r o p e l l a n t  cho ices  f o r  r e s l s t o j e t s  on f r e e  f l y -  
i n g  space systems. I n  the  pas t ,  r e s l s t o j e t s  have 
p r i m a r i l y  used hydraz ine  as t h e  p r o p e l l a n t  because 
I t  rep resen ted  t h e  bes t  compromise between pe r fo rm-  
ance i n  terms o f  s p e c l f i c  impu lse  and s to rage  and 
d i s t r i b u t i o n .  R e s i s t o j e t s  f o r  s a t e l l i t e  a p p l i c a -  
t i o n s  u s i n g  h y d r a z i n e  p r o p e l l a n t  g e n e r a l l y  r e q u l r e d  
r e l a t i v e l y  s h o r t  ope ra t i ng  l i f e t l m e s  I n  terms o f  
t o t a l - I m p u l s e .  Maximum a t t a i n e d  s p e c l f l c  impu lse  
was t h e  p r i m a r y  requ i rement .  

The p r o p u l s l o n  requlrements f o r  space p l a t -  
forms I n  l ow-Ear th  o r b i t  r e p r e s e n t  an  e n t l r e l y  new 
s e t  o f  c r i t e r i a  f o r  t h e  s e l e c t i o n  o f  t h e  p r o p u l s i o n  
system. F l r s t ,  l o n g  opera t i ng  l i f e t i m e s  w l l l  be a 
dominant f a c t o r ,  so t h r u s t e r s  must be capab le  o f  
a c h i e v i n g  t h e  d e s i r e d  l e v e l s  o f  t o t a l  Impu lse  s o  
as t o  m i n i m i z e  o n - o r b i t  rep lacement .  Second, t h e  
p r o p u l s i o n  system need no t  o p t l m l z e  s p e c i f l c  
impu lse  as t o t a l  spacecra f t  we igh t  I s  n o t  as c r u -  
c i a l  a f a c t o r  f o r  p la t fo rms  I n  l o w - E a r t h  o r b l t  as 
f o r  h l g h - a l t i t u d e  spacec ra f t .  T h l r d ,  t h e  p r o p e l -  
l a n t  shou ld  be non- tox i c  and s a f e  t o  m in im lze  
Impacts  o f  h a n d l i n g ,  load ing ,  s to rage ,  s p i l l a g e ,  
and c o n t a m l n a t l o n  o f  sur round ings .  Four th ,  i t  
shou ld  be dense, t o  mln lmlze  tankage, and i t  shou ld  
be r e a d i l y  a v a l l a b l e  i n  t h e  r e q u i r e d  p u r l t y .  
F i n a l l y ,  t h e  p r o p e l l a n t  must be t o t a l l y  compa t ib le  

w l t h  t h e  t h r u s t e r  materials o r  t h e  d e s l r e d  l e v e l s  
o f  l i f e  w i l l  n o t  be ob ta ined .  

Water has been s e l e c t e d  as t h e  p r o p e l l a n t  f o r  
t h i s  man-tended p l a t f o r m .  Water meets a l l  o f  t h e  
requ l remen ts  ment loned above and w i t h  s u i t a b l e  
p l a n n i n g  can be made a v a l l a b l e  by u t l l i z l n g  wa te r  
f r o m  env i ronmen ta l  c o n t r o l  systems, e i t h e r  on t h e  
Space S h u t t l e  O r b i t e r  o r  t h e  p l a t f o r m  i t s e l f .  Such 
p l a n s  t o  u t i l i z e  waste wa te r  have a l s o  been formu- 
l a t e d  f o r  t h e  manned Space S ta t i on .6 .8  

The d lsadvantages  o f  u s i n g  wa te r  a r e  t h a t  I t  
must be  v e r y  p u r e  and, l i k e  most s tandard  p r o p e l -  
l a n t s ,  I t  must be k e p t  f r o m  f r e e z i n g .  A d d i t i o n a l  
power must be s u p p l i e d  t o  v a p o r l z e  t h e  wa te r  e i t h e r  
I n  t h e  r e s l s t o j e t  or I n  a separa te  steam g e n e r a t o r .  
There a r e  a l s o  two p o t e n t i a l  problems w l t h  wa te r  
exhaus t .  Water vapor i s  a good abso rbe r  o f  e l e c -  
t r o m a g n e t i c  emiss ions ,  and t h e  plume f r o m  t h e  
r e s l s t o j e t  c o u l d  cause i n t e r f e r e n c e  w l t h  c e r t a i n  
o b s e r v a t l o n  exper imen ts .  Secondly,  t h e r e  i s  con- 
c e r n  t h a t  some o f  t h e  wa te r  (s team)  m i g h t  condense 
on s p a c e c r a f t  s u r f a c e s ,  p a r t i c u l a r l y  s o l a r  c e l l  
pane ls .  S p e c l a l  a t t e n t i o n  must,  t h e r e f o r e ,  be p a i d  
t o  t h e  p o s i t i o n i n g  o f  t h e  r e s l s t o j e t s  and t h e i r  
o p e r a t i o n  t o  m l n l m l z e  plume Impact .  Plume s t u d i e s  
a r e  underway t h a t  w i l l  d e f i n e  b o t h  t h e  e x t e n t  o f  
t h e  plume f r o m  t h e  r e s i s t o j e t  and t h e  s i z e ,  shape 
and o r i e n t a t i o n  o f  s h l e l d s  t h a t  can  p r o t e c t  t h e  
p l a t f o r m . 6 , 1 3  

T h r u s t e r  System C h a r a c t e r l s t l c s  

The m u l t l p r o p e l l a n t  r e s i s t o j e t  adds e l e c t r l c a l  
energy t o  t h e  p r o p e l l a n t  t h rough  c o n v e c t i v e  h e a t l n g  
as t h e  gas passes th rough  t h e  nar row h e a t  exchanger 
passages. The heated  gas I s  e x p e l l e d  t h r o u g h  a 
n o z z l e  des lgned p r l m a r i l y  t o  m ln im ize  c o n t a m l n a t i o n  
o f  t h e  Space S t a t i o n  and i n t e r f e r e  m i n i m a l l y  w l t h  
o p t l c a l  o b s e r v a t l o n s .  H e a t i n g  t h e  gases i n c r e a s e s  
t h e  s p e c i f i c  impu lse  o f  t h e  exhaust  j e t  w h i l e  a l s o  
a s s u r i n g  t h a t  none o f  t h e  p r o p e l l a n t  w i l l  condense 
i n  t h e  plume. 

The m u l t l p r o p e l l a n t  r e s l s t o j e t  p roposed f o r  
use on t h e  Space S t a t l o n  I s  shown I n  c r o s s  s e c t i o n  
I n  F i g .  5 and as a photograph I n  F i g .  6. T h i s  
r e s i s t o j e t  has been des lgned and b u i l t  f o r  NASA by 
Rocketdyne and Technion. The r e s i s t o j e t  c o n s i s t s  
o f  a sheathed h e a t e r ,  hea t  exchanger,  nozz le ,  and 
a r a d i a t i o n  s h i e l d  pack. These components a r e  
d e s c r i b e d  i n  more d e t a i l  I n  Tab le  2. The m a t e r l a l  
s e l e c t i o n  and d e s i g n  o f  t h e  h e a t e r  were based on 
t h e  use  o f  p l a t l n u m  sheathed hea te rs  I n  t h e  commer- 
c l a l  g l a s s  i n d u s t r y  a t  tempera tures  up t o  1400 "C.  
The h e a t  exchanger,  n o z z l e ,  and I n n e r  s h i e l d s  were 
c o n s t r u c t e d  o f  g r a i n - s t a b i l l z e d  p l a t i n u m  f o r  
Improved c r e e p - r u p t u r e  p r o p e r t l e s  and c o m p a t l b l l l t y  
w l t h  a l l  p r o p e l l a n t s .  Many p o t e n t i a l  p r o p e l l a n t s  
have been t e s t e d  f o r  c o m p a t i b i l i t y  w i t h  g r a l n -  
s t a b i l i z e d  p l a t i n u m  f o r  p e r i o d s  o f  up t o  2000 h r .7  
G r a l n - s t a b i l i z e d  p l a t l n u m  tubes  have been heated  t o  
1400 " C  I n  env i ronments  o f  hydrogen, n l t r o g e n ,  
steam, and carbon d i o x l d e .  M a t e r i a l  l i f e t l m e  
l i m l t s  were assumed t o  be a 10  p e r c e n t  mass l o s s .  
Based on t h e s e  t e s t s  p r o j e c t e d  l l f e t l m e s  range f r o m  
5 t o  90 yea rs  o f  con t i nuous  usage, depending upon 
t h e  t y p e  o f  p r o p e l l a n t .  
methane o r  a i r  w i l l  have t o  be opera ted  a t  tempera- 
t u r e s  o f  500 " C  o r  l e s s .  A t  t h a t  t empera tu re ,  
methane w i l l  n o t  degrade t o  p roduce carbon and t h e  
p la t inum-methane comb ina t lon  w i l l  y l e l d  a l i f e t i m e  
I n  excess o f  10  yea rs .  S l m i l a r i l y ,  t h e  oxygen I n  

P r o p e l l a n t s  c o n t a i n i n g  
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t h e  a i r  w i l l  r e a c t  so s l o w l y  w i t h  p l a t i n u m  a t  
500 O C ,  t h a t  l o n g  l i f e t i m e s  a r e  assured.  

Nominal i n p u t  power t o  t h e  r e s l s t o j e t  i s  
500 W. The m u l t i c h a n n e l  hea t  exchanger i s  both 
c o n d u c t i v e l y  and r a d i a t i v e l y  heated  by the  sheathed 
hea te r  and t h e  gas i s  c o n v e c t i v e l y  heated  as i t  
passes th rough  t h e  3b m i l l e d  channels of  t h e  heat 
exchanger.  D e t a i l e d  des ign  c r i t e r i a  and f a b r i c a -  
t i o n  methods a r e  d e s c r i b e d  i n  Ref.  5. Eva lua t ions  
o f  t h e  t h r u s t e r  per fo rmance were under taken w i th  
e i g h t  p r o p e l l a n t s ,  i n c l u d i n g  steam, a t  an i n l e t  
p r e s s u r e  o f  28 N/cm2 and a h e a t e r  c u r r e n t  main- 
t a i n e d  a t  23 A. Tab le  3 p resen ts  t h e  r e s u l t s  
ob ta ined  w i t h  each p r o p e l l a n t .  T h r u s t  l e v e l s  
v a r i e d  f r o m  285 t o  356 mN, depending on t h e  prope l -  
l a n t  f l o w  r a t e  and power l e v e l .  H igh  and l o w  
va lues  o f  s p e c i f i c  impu lse  o f  318 and 117 sec were 
ob ta ined  w i t h  hydrogen and argon, r e s p e c t i v e l y .  
S ince  t h e  h e a t e r  c u r r e n t  was f i x e d ,  t h e  vo l tage,  
i n p u t  power and r e s u l t i n g  s p e c i f i c  impu lse  a r e  
dependent on t h e  p r o p e l l a n t  t he rma l  p r o p e r t i e s .  

i n l e t  p r e s s u r e  o f  21 N/cmZ i s  shown i n  Tab le  4. 
As t h e  t h r u s t e r  h e a t e r  power was changed f r o m  73 t o  
b92 W, t h e  s p e c i f i c  impu lse  i nc reased  f rom 115 t o  
184 sec. The t h r u s t  l e v e l  w i t h  steam was about 
230 mN. A t  a h e a t e r  power o f  426 W and a steam 
f l o w  r a t e  o f  0.53 kg /h r ,  t h e  tempera tu re  o f  the 
hea te r  and gas near  t h e  n o z z l e  t h r o a t  a r e  es t imated  
t o  be 850 "C and 700 "C. r e s p e c t i v e l y .  Continuous 
o p e r a t l o n  o f  a t h r u s t e r  t o r  one day would p rov ide  
an impu lse  o f  2x104 N-sec .  and n e a r l y  13 k g  o f  
wa te r  wou ld  be used. A t  t hese  tempera tu re  l eve l s ,  
t h e  o p e r a t i o n a l  l i f e t i m e  o f  t h e  h e a t e r  and t h e  
r e s i s t o j e t  i t s e l f  would be i n  excess o f  20 000 h r .  
O f  g r e a t e r  concern  i s  t h e  q u e s t i o n  o f  water  p u r i t y  
f o r  such an ex tended p e r i o d .  Smal l  l e v e l s  o f  con- 
tam inan ts  over  an extended t i m e  c o u l d  p l u g  t h e  
r e s i s t o j e t  n o z z l e  o r  o t h e r  f l o w  passages. Extended 
t e s t i n g  w i t h  wa te r ,  p r e s e n t l y  underway, w i l l  pro- 
v i d e  some i n f o r m a t i o n  on t h e  l e v e l s  o f  depos i t s  
t h a t  m i g h t  be expec ted .  

T h r u s t e r  per fo rmance w i t h  steam, a t  a f i x e d  

The steam was s u p p l i e d  t o  t h e  t h r u s t e r  f r o m  a 
l a b o r a t o r y  t y p e  steam genera to r  wh ich  r e q u i r e d  f r o m  
470 t o  710 W o f  power d u r i n g  s t e a d y - s t a t e  o p e r a t i o n  
depending upon t h e  wa te r  f l o w  r a t e .  The vapor i ze r  
des ign  was s i m i l a r  t o  t h e  d e v i c e  developed du r ing  
t h e  HORL program.3 A c a r t r i d g e  h e a t e r  was used 
t o  coup le  t h e  energy t o  a hea t  exchanger f i l l e d  
w i t h  s m a l l  copper p e l l e t s  wh ich  p r o v i d e d  a la rge  
su r face  a rea  and t o r t u o u s  p a t h  f o r  t h e  water/steam. 

F i g u r e  7 p resen ts  t h e  t h r u s t e r  t he rma l  
response u s i n g  carbon d i o x i d e ,  wh ich  has a heat 
c a p a c i t y  c l o s e  t o  t h a t  o f  steam, as t h e  p r o p e l l a n t .  
The t h r u s t e r  was preheated  f o r  5 min  b e f o r e  the 
f l o w  was i n i t i a t e d .  A f t e r  t h e  f l o w  was begun, t h e  
i n l e t  p r e s s u r e  reached 93 p e r c e n t  o f  i t s  maximum 
v a l u e  i n  1 m ln .  The t h r u s t e r  hea te r  and h e a t  
exchanger reach  about  90 pe rcen t  o f  maximum temper- 
a t u r e  w i t h i n  30 min. The v a r i a t i o n  i n  h e a t e r  tem- 
p e r a t u r e  over  i t s  t o t a l  l e n  t h  i s  about  15 percent  
o f  t h e  maximum tempera ture .74  S ince  t h e  average 
r e s i s t o j e t  h e a t e r  t empera tu re  i s  l i n e a r l y  r e l a t e d  
t o  i t s  r e s i s t a n c e ,  t h e n  t h e  r e s i s t a n c e  can be 
e f f e c t i v e l y  u t i l i z e d  as t h e  p r i m a r y  c o n t r o l  and 
h e a l t h  m o n i t o r .  

P r e l i m i n a r y  d e s i g n  s t u d i e s  have genera ted  
schemat ics  o f  f l u i d  management systems t h a t  might 
be used f o r  t h e  Space S t a t i o n  c o r e  o r  f o r  f ree -  

f l y i n g  p l a t f o r m s . 1 2  
wa te r  s t o r a g e  and f e e d  sys tem compr ised o f  t anks ,  
redundant  l a t c h  va l ves ,  q u i c k  d i sconnec ts ,  pumps 
and gas g e n e r a t o r s .  The f i g u r e  shows o n l y  one p r o -  
p u l s i o n  module wh ich  c o n t a i n s  a steam g e n e r a t o r  and 
f o u r  t h r u s t e r s .  The p l a t f o r m  may r e q u i r e  e i g h t  
such modules t o  p e r f o r m  r e a c t i o n  c o n t r o l  f u n c t i o n s  
as w e l l  as d r a g  makeup.4 The p r o p u l s i o n  module 
i s  des igned w i t h  q u i c k  d i s c o n n e c t s  t o  f a c i l i t a t e  
o n - o r b i t  rep lacement .  

F i g u r e  8 shows a t y p i c a l  

One o f  t h e  key  components o f  t h e  feed  system 
i s  t h e  steam g e n e r a t o r .  V a p o r i z e r s  u s i n g  c a r t r i d g e  
hea te rs  have been eva lua ted  a t  Lewis Research 
Center  and i n  t h e  MORL p r e f l i g h t  r e s l s t o j e t  p r o -  
gram.3 
a t  t h e  v a p o r i z e r  o u t l e t  and power t o  t h e  genera to r  
was c o n t r o l l e d  v i a  t h e  o u t l e t  tempera ture .  D u r i n g  
r e s i s t o j e t  o p e r a t i o n ,  a steam genera to r  w i l l  
r e q u i r e  about  500 W t o  p roduce a f l o w  r a t e  t h a t  
wou ld  y i e l d  0.23 N o f  t h r u s t .  Waste h e a t  f r o m  t h e  
p l a t f o r m  m i g h t  be used t o  h e a t  t h e  wa te r  p r o p e l -  
l a n t .  Wh i le  such hea t  has l i t t l e  impact  on t h e  
r e s i s t o j e t  e f f i c i e n c y .  t h e  use  o f  t h e  p r o p e l l a n t  
as a h e a t  s i n k  can a s s i s t  i n  t h e  the rma l  c o n t r o l  
o f  t h e  p l a t f o r m .  Wi th  m ino r  m o d i f i c a t i o n s ,  t h e  
e n g i n e e r i n g  model t h r u s t e r  c o u l d  accep t  wa te r  
d i r e c t l y  f o r  b o i l i n g  and superhea t ing .  The I n t e -  
g r a t i o n  o f  t h e  w a t e r  b o i l e r  as an i n t e g r a l  p a r t  o f  
t h e  r e s l s t o j e t  shou ld  o f f e r  some s i g n i f i c a n t  advan- 
tages  I n  t h e  d e s i g n  and o p e r a t i o n  o f  a power p r o -  
cessor .  Design s t u d i e s  a r e  b e i n g  done t o  v e r i f y  
t h a t  such an  i n t e g r a t i o n  wou ld  a l s o  s i m p l i f y  
r e s i s t o j e t  and h e a t e r  c o n s t r u c t i o n .  

The o u t p u t  steam tempera tu re  was sensed 

A l though  some f l u i d  sys tem component deve lop-  
ment work w i l l  be  r e q u i r e d ,  many components such 
as va l ves ,  f i l t e r s .  w a t e r  pumps, and q u i c k  d i scon -  
n e c t s  a r e  a v a i l a b l e  f r o m  commercial  sources and 
q u a l i f i e d  f o r  space f l i g h t .  The f o u r - t h r u s t e r  pro- 
p u l s i o n  module has a component mass es t ima ted  t o  
be abou t  17 k g  based on t h e  s tudy  o f  Ref.  12. 
Redundant steam g e n e r a t o r s  c o u l d  be  p r o v i d e d  w i t h  
a mass p e n a l t y  o f  l e s s  t h a n  2 kg. 

S imp le  power c o n t r o l l e r s  f o r  r e s i s t o j e t s  have 
been deve loped by RCA f o r  s a t e l l i t e s  w i t h  a low- 
v o l t a g e ,  d i r e c t - c u r r e n t  power bus.15 Such con- 
t r o l l e r s  c o u l d  a l s o  p r o v i d e  power t o  t h e  wa te r  
v a p o r i z e r s .  The s o l i d  s t a t e  c o n t r o l l e r  r e g u l a t e s  
t h e  c u r r e n t  f l o w  t o  t h e  h e a t e r  u s i n g  two banks o f  
r e s i s t o r s  i n  s e r i e s  w i t h  t h e  r e s i s t o j e t  h e a t e r .  
The c o n t r o l l e r ' s  p r i m a r y  f u n c t i o n  i s  t o  a v o i d  
excess i ve  c u r r e n t  sp i kes  a t  s t a r t - u p .  The r e s i s t o r  
banks a r e  sw i t ched  ou t  o f  t h e  power c i r c u i t  as t h e  
l o a d  comes t o  the rma l  e q u i l i b r i u m .  

Another  o p t i o n  i s  t h e  s w i t c h i n g  r e g u l a t o r  
wh ich  has been deve loped f o r  p r o p u l s i y  a p p l i c a -  
t i o n s  under NASA techno logy  programs. DC power 
i s  conve r ted  t o  a l ow-vo l tage ,  h i g h - c u r r e n t  p u l s e  
w i d t h  modu la ted  quas i - square  wave by u s i n g  a non- 
d i s s i p a t i v e  s w i t c h i n g  r e g u l a t o r .  Regu la to rs  o f  
t h i s  t y p e  have f l o w n  on s p a c e c r a f t  f o r  t h e  l a s t  two 
decades. The r e g u l a t o r  matches t h e  power bus t o  
t h e  h e a t e r  as t h e  r e s t s t a n c e ,  i n  t h e  case o f  t h e  
r e s i s t o j e t ,  changes by abou t  a f a c t o r  o f  t h r e e  du r -  
i n g  t h e  heat -up  p e r i o d .  Nominal  power l e v e l ,  
e f f i c i e n c y ,  and mass o f  such a power s w i t c h i n g  
r e g u l a t o r  a r e  500 W, 93 pe rcen t ,  and 2.6 kg, 
r e s p e c t i v e l y .  

*Persona l  Communication, R.P.  Gruber. NASA Lewis 
Research Center ,  C leve land ,  Ohio,  1987. 

3 



S i g n i f i c a n t  a t t e n t l o n  has been g i v e n  t o  t h e  
development o f  t h e  c r l t l c a l  components f o r  t h e  
r e s i s t o j e t  p r o p u l s i o n  and p r o p e l l a n t  management 
system. The t h r u s t e r ,  power c o n t r o l l e r ,  and p ro -  
p e l l a n t  f e e d  system components a r e  cons ide red  
" techno logy  ready . "  Fu r the r  development i s  neces- 
s a r y  t o  q u a l i f y  such components f o r  t h e  man-tended 
p l a t f o r m  f l l g h t  program. 

Man-Tended P l a t f o r m  

- Descr i  p t i o n  

The man-tended p l a t f o r m  t h a t  has been proposed 
by Space I n d u s t r i e s .  Inc .  i s  shown I n  F l g .  9 .  The 
proposed I n d u s t r l a l  Space F a c i l i t y  ( ISF)  I s  a man- 
tended, f r e e - f l y i n g  p l a t f o r m  t h a t  p r o v i d e s  t h e  
r e q u i r e d  power, c o o l i n g ,  and suppor t  s e r v i c e s  f o r  
space-based a c t l v l t i e s .  The p l a t f o r m  I s  equipped 
w i t h  a dock ing  sys tem so t h a t  i t  can mate t o  t h e  
S h u t t l e  O r b i t e r  d u r i n g  resupp ly  v i s i t s .  The f a c i l -  
i t y  i s  des igned t o  opera te  as an in -space research  
l a b o r a t o r y  and mu l t i pu rpose  manu fac tu r ing  f a c l l l t y .  
M a t e r i a l s  p r o c e s s i n g  and research  a r e  p lanned as 
w e l l  as t h e  c a p a b i l i t y  t o  se rve  as a systems t e s t  
bed. E v e n t u a l l y ,  such p l a t f o r m s  c o u l d  ope ra te  I n  
tandem w l t h  t h e  Space S ta t i on .  by p r o v i d i n g  s p e c i a l  
purpose b u l l d l n g  and p roduc t l on  f a c i l i t i e s .  As 
p r e s e n t l y  conce lved.  the S h u t t l e  O r b l t e r  w l l l  v l s l t  
t h e  p l a t f o r m  once eve ry  4 o r  6 months t o  r e s u p p l y  
t h e  f a c i l i t y  and t o  recover any manufac tured  I t ems .  

l o n g  and 4.42 m i n  d lameter .  The p r e s s u r i z e d  v o l -  
ume a v a l l a b l e  f o r  use  I s  app rox ima te l y  71 m3. 
Power I s  s u p p l i e d  by  t w o  p h o t o v o l t a i c  a r r a y s  
mounted on e i t h e r  s i d e  o f  t h e  f a c l l l t y  module. The 
t o t a l  a r r a y  a r e a  i s  approx imate ly  232 m2, p r o v i d -  
i n g  a maximum power l e v e l  o f  14  kW o f  wh lch  up t o  
11 kW w i l l  be a v a i l a b l e  f o r  users .  Power s to rage  
a l s o  e x l s t s  w l t h  b a t t e r i e s  hav ing  t h e  c a p a c i t y  t o  
s t o r e  and supp ly  up t o  30 kW/hr. Waste hea t  w i l l  
be r a d i a t e d  t o  space th rough a 93 m2 r a d l a t o r .  
The t o t a l  mass o f  t h e  f a c l l l t y  module and pay loads  
i s  14 844 kg. An a d d l t l o n a l  2565 k g  o f  equlpment 
I s  r e q u i r e d  t o  adap t  the module t o  t h e  S h u t t l e ;  t h e  
h e a v i e s t  i t ems  b e i n g  the S h u t t l e  dock ing  system and 
t h e  r e t e n t i o n  f l t t l n g s .  Payload masses a r e  p res -  
e n t l y  es t ima ted  t o  be  up t o  4388 kg. Once I n  
o r b l t ,  t h e  p l a t f o r m  would b e  r e s u p p l i e d  by t h e  
S h u t t l e  wh lch  would ca r ry  a f u l l y  loaded r e s u p p l y  
module t o  t h e  f a c i l i t y .  The r e s u p p l y  module has a 
p r e s s u r i z e d  volume o f  51 m3 and would mate t o  t h e  
s i d e  o f  t h e  ISF. The module c a r r i e s  t h e  needed 
gases and l i q u i d s  requ i red  f o r  f a c l l l t y  o p e r a t i o n  
and a l t i t u d e  malntenance. 

The p l a t f o r m  I s  rough ly  a c y l i n d e r ,  10.7 m 

The p r i n c i p a l  systems on t h e  f a c i l i t y  module 
a r e  t h e  s o l a r  a r r a y s ,  power s to rage  and the rma l  
systems a l r e a d y  discussed. The p r o p u l s i o n  system 
I s  t h e  m u l t l p r o p e l l a n t  r e s l s t o j e t  u s l n g  wa te r  as 
t h e  p r i m a r y  p r o p e l l a n t  w i t h  a l r  b e i n g  a v a i l a b l e  f o r  
p r e s s u r l z a t l o n  and a t t l t u d e  c o n t r o l  purposes. The 
gu ldance and c o n t r o l  I s  o b t a i n e d  by augmented g r i v -  
I t y  g r a d i e n t  s t a b i l i z a t i o n  and r e a c t l o n  c o n t r o l  
wheels,  w l t h  t h e  r e s i s t o j e t s  p r o v l d i n g  d e s a t u r a t i o n  
as needed. The o t h e r  component o f  t h e  p r o p u l s i o n  
system I s  a c o l d  gas a t t i t u d e  c o n t r o l  system u s i n g  
a i r  as t h e  p r o p e l l a n t .  Other  systems I n c l u d e  com- 
m u n l c a t l o n  wh lch  w i l l  be accommodated u s l n g  t h e  
TDRSS s a t e l l l t e  and n a v i g a t i o n  by GPS/ground 
update.  User exper iments and pay loads  w i l l  be 
accommodated w l t h i n  modular racks  s i m l l a r  t o  t h o s e  

p lanned f o r  t h e  Space S t a t i o n  t o  assu re  f u t u r e  
commonal i t y .  

y e t  t o  be de te rm lned .  O p p o r t u n i t i e s  e x l s t  f o r  many 
o f  t h e  same k i n d s  of  use r  pay loads  t h a t  would be  
i n s t a l l e d  on t h e  Space S t a t i o n .  C a p a b i l i t y  e x i s t s  
f o r  a m a n u f a c t u r i n g  f a c l l l t y ,  a s t o r a g e  f a c i l i t y ,  
a research  l a b o r a t o r y .  and as a t e s t  bed f o r  t hose  
exper iments  r e q u l r i n g  l o w  g r a v i t y  and/or  vacuum 
e n v l  ronment . 
O r b i t a l  Opera t i ons  

The t ypes  of  pay loads  t o  be accommodated a r e  

The I n d u s t r i a l  Space F a c i l i t y  a t t e m p t s  t o  
c a p i t a l i z e  on t h e  c a p a b i l i t l e s  o f  t h e  Space S h u t t l e  
O r b l t e r .  Wh l le  t h e  f i n a l  o r b i t  a l t l t u d e  has n o t  
been s e l e c t e d ,  an a t t e m p t  w i l l  be made t o  s e l e c t  
t h a t  a l t l t u d e  t h a t  makes rendezvous w l t h  t h e  
S h u t t l e  s lmp le .  I t  has been proposed t h a t  t h e  ren -  
dezvous occu r  a t  an  a l t i t u d e  o f  296 km. Th ls  I s  a 
s tandard  d i r e c t  i n s e r t i o n  o r b l t  f o r  t h e  S h u t t l e  
O r b l t e r  and p r o v i d e s  t h e  o p p o r t u n i t y  f o r  an 
i n c r e a s e d  number o f  v l s l t s  and s i m p l i f i e s  f l i g h t  
p l a n n i n g .  

F o l l o w i n g  rendezvous and r e s u p p l y ,  t h e  f a c l l -  
I t y  wou ld  be boos ted  t o  a h l g h e r  o r b l t  u t i l i z i n g  
t h e  w a t e r  r e s i s t o j e t s .  The f a c i l i t y  wou ld  t h e n  
d r i f t ,  s l o w l y  d e c r e a s i n g  I n  a l t i t u d e  ove r  a p e r l o d  
o f  4 t o  6 months t o  t h e  296 km a l t i t u d e ,  where 
scheduled r e s u p p l y  wou ld  occu r .  T h l s  m i s s i o n  p r o -  
f l l e  i s  i l l u s t r a t e d  I n  F i g .  10.  I f  a r e s u p p l y  i s  
missed. o r  a l o n g e r  p e r l o d  between r e s u p p l y  I s  
d e s l r e d .  t h e  f a c i l i t y  has s u f f i c i e n t  wa te r  on board  
t o  r a i s e  I t s e l f  a g a i n  t o  a h l g h e r  o r b i t .  S u f f l -  
c l e n t  wa te r  I s  on board  f o r  a second rendezvous 
a t t e m p t .  I f  t h e  second a t t e m p t  I s  missed, t h e r e  
I s  s t i l l  s u f f i c l e n t  p r o p e l l a n t  t o  p l a c e  t h e  f a c i l -  
i t y  I n t o  a sa fe ,  h i g h  o r b i t .  T h l s  o r b i t  I s  h i g h  
enough so t h a t  r e s u p p l y  c o u l d  be missed f o r  
3 years .  Operation I n  t h e  normal,  con t l ngency ,  and 
emergency modes i s  i l l u s t r a t e d  I n  F i g .  11.  As 
shown, t h e  sa fe ,  3 -year  o r b i t  I s  o b t a i n e d  by r a i s -  
i n g  t h e  p l a t f o r m  t o  an a l t i t u d e  o f  478 km and o r l -  
e n t l n g  t h e  ISF I n  a minimum d r a g  a t t i t u d e .  

P r o p u l s i o n  System 

The p r o p u l s i o n  requ l remen ts  f o r  t h e  I n d u s t r i a l  
Space F a c i l i t y  a r e  l i s t e d  I n  Tab le  5.  These t o t a l -  
impu lse  e s t i m a t e s  a r e  g i v e n  f o r  each s o l a r  yea r  
assuming an I n l t l a l  l aunch  d a t e  o f  1992. T h l s  c a l -  
c u l a t i o n  l s  based on t h e  NASA Standard  Atmosphere 
mean va lues  o f  d e n s l t y .  t h e  p l a t f o r m  p r o j e c t e d  a r e a  
o f  47 m2 and a d r a g  c o e f f l c l e n t  v a l u e  o f  3.0.  
The t o t a l - I m p u l s e  va lues  a r e  g i v e n  f o r  reboos t  and 
assume t h r e e  r e b o o s t s  p e r  yea r .  I n  1992. t h e  f i r s t  
r e b o o s t  I s  f o r  t h e  p l a t f o r m  a lone .  The second and 
t h i r d  reboos ts  t h a t  year ,  and a l l  subsequent years ,  
a r e  f o r  t h e  p l a t f o r m  w i t h  t h e  r e s u p p l y  module 
a t tached .  The r e s u p p l y  module has a mass o f  
5450 kg. A l so  shown i n  Tab le  5 I s  t h e  amount o f  
wa te r  p r o p e l l a n t  r e q u l r e d  f o r  t h e  r e s i s t o j e t s .  
T h l s  I s  a y e a r l y  e s t l m a t e  based on t h e  per fo rmance 
o f  t h e  r e s l s t o j e t  f r o m  Tab le  4 and makes no 
a c c o u n t i n g  of t h e  number o f  r e s u p p l y  v i s l t s  t h a t  
m i g h t  occu r  w i t h l n  1 y e a r .  These es t lma tes  assume 
t h a t  t h e  p l a t f o r m  i s  r a i s e d  f r o m  t h e  nomina l  296 km 
r e s u p p l y  a l t i t u d e  t o  363 km. a l t i t u d e  d u r i n g  t h e  
f l r s t  y e a r .  An a t t e m p t  has been made t o  account  
f o r  t h e  y e a r - t o - y e a r  v a r i a t i o n s  i n  s o l a r  f l u x  I n  
t h e  c a l c u l a t i o n .  Thus, t h e  f l n a l  a l t i t u d e .  t i m e  
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Per reboos t ,  and t h e  p r o p e l l a n t  r e q u i r e d  a l l  vary 
over  t h e  p r o j e c t e d  11-year  c y c l e .  P r o p e l l a n t  mass 
requ i rements  f o r  a t t i t u d e  c o n t r o l ,  c o l l i s i o n  avoid- 
ance and c o n t i n g e n c i e s  have n o t  been es t ima ted ,  and 
a r e  n o t  i n c l u d e d  i n  t h i s  t a b u l a t i o n .  

A t y p i c a l  reboos t  p r o f i l e  f o r  t h e  f i r s t  year 
o f  o p e r a t i o n  i s  i l l u s t r a t e d  i n  F l g .  12. A f t e r  
r e s u p p l y  and man-tended o p e r a t i o n s  a r e  completed, 
t h e  p l a t f o r m  would be r a i s e d  t o  an a l t i t u d e  o f  
363 km. Approx ima te l y  5.5/6 days o f  con t inuous  
r e s l s t o j e t  o p e r a t i o n  a r e  r e q u i r e d  a t  t o t a l  t h r u s t  
l e v e l  o f  1.66 N. Approx ima te l y  2500 W o f  power a r e  
r e q u i r e d  and 528 kg. o f  wa te r  would be expended as 
p r o p e l l a n t .  

F i g u r e  13 I s  a schematic o f  t h e  p r o p u l s i o n  
system showing t h e  p r o p e l l a n t  s to rage  and d i s t r l b u -  
t i o n  system. Water p r o p e l l a n t  would be s t o r e d  i n  
b ladder  tanks ,  p r e s s u r i z e d  by t h e  h igh-pressure  a i r  
system and d i s t r i b u t e d  t o  t h e  f o u r  r e s i s t o j e t  
modules. A d d i t i o n a l  wa te r  I s  s t o r e d  f o r  c o n t i n -  
gency purposes and I n  emergency t h e  h i g h  pressure  
a i r  can a l s o  be u t i l i z e d  as p r o p e l l a n t .  

The power f o r  t h e  r e s l s t o j e t  would be drawn 
d i r e c t l y  f r o m  t h e  p h o t o v o l t a i c  a r r a y .  Opera t ion  
o f  r e s i s t o j e t s  on d i r e c t - c u r r e n t  I s  v e r y  s imp le  
f r o m  t h e  c o n t r o l  s t a n d p o i n t .  A power c o n t r o l l e r  
s i m i l a r  t o  t h e  t y p e  used b RCA c o u l d  be e f f e c t i v e ,  
as few p a r t s  a r e  requ i red .75  

Conc lud ing  Remarks 

The I n d u s t r i a l  Space F a c i l i t y  proposed by 
Space I n d u s t r i e s ,  I n c .  p resen ts  a un ique  opportun- 
i t y  f o r  t h e  e a r l y  deployment and use o f  t h e  m u l t i -  
p r o p e l l a n t  r e s l s t o j e t  as t h e  p r o p u l s i o n  system f o r  
a space p l a t f o r m .  The acceptance o f  t h e  r e s i s t o j e t  
concept  by  t h e  Space S t a t i o n  and t h e  p r e l i m i n a r y  
work t h a t  has been accompl ished, assu re  t h a t  the 
r e s i s t o j e t  i s  ' techno logy  ready . "  Space I n d u s t r i e s  
has t a k e n  a l o w - r i s k  approach toward  t h e  p r o p u l s i o n  
system and no s e r i o u s  t e c h n i c a l  d i f f i c u l t i e s  are 
fo reseen  i n  a p p l y i n g  t h e  r e s l s t o j e t  t o  t h e i r  p l a t -  
form. I n f o r m a t i o n  ga the red  and exper ience  gained 
w i l l  be t o  g r e a t  advantage i n  t h e  development and 
i n t e g r a t i o n  o f  t h e  r e s i s t o j e t  p r o p u l s i o n  f o r  the 
Space S t a t i o n .  
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TABLE I. - SUBASSEMBLIES OF THE MORL RESISTOJET SYSTEM 

Thruster module 
Four modules at each end 
Four thrusters per module 
Thrust level, 44.5 mN 
Power level, 150/W 
Automatic and manual Control 

Flow control 
Dual (backup) regulator for each propellant 
Any propellant combination can be used 

Power control and distribution 
Control o f  thruster firing 
Select power/thrust level 
Conditions power from 260 V bus 

C02/CH4 collection and storage 
Four, two-stage pumps 
5 0  W power; 8.2 kg/day pump capacity 
Four tanks, 0.76 m diameter, 9.1 kg each (dry) 
Two days storage capability 
Separate or combined storage 

Water supplement 
Two tanks, 0.61 m diameter, 8.2 kg each (dry) 
205 kg capacity 
Biowaste C)2 as pressurant 

TABLE 11. - ,MULTIPROPELLANT RESISTOJET COMPONENTS 

Heater 
Platinum center conductor, Pt-10 percentage Rh, 

Platinum sheath, grain stabilized Pt, 4 mn OD, 

Insulation, MgO, 0.7 mn thick 
Length, 3.2 m, before coiling 

1.6 mn diameter 

0.5 mn wall 

Heat exchanger 
Platinum, grain stabilized, 36 channels, 0.5 mn 

wide, 1.3 mm deep, 18.8 cm long 

Insulation 
10 radiation shields 

5 - 0.025 mn thick platinum 
5 - 0.1 mm thick nickel 

Outer case 
Inconel 

Maximum electrical operating parameters 
Power, 500 W 
Resistance, 0.95 Q 
Voltage, 2 2  V 
Current, 23 A 

3.64 kg including mounting plate 

9.65 c m  diameter, 23.9 cm long (excluding 

Weight 

Envelope 

mounting plate) 
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TABLE 111. - RESISTOJET PERFORMANCE CHARACTERISTICS 

[Chamber pressure = 28 N/cm2. c u r r e n t  = 23 A . ]  

430 
334 
140 

P r o p e l l a n t  

490 
307 
117 

Power, W 
Th rus t ,  mN 
S p e c i f i c  impulse, sec 

73 
181 
280 
426 
69 2 

251 
31 1 
31 8 

708 
621 
627 
490 
466 

322 
285 
247 

240 
220 
240 
230 
230 

324 
356 
1 5 5  

114 
126 
147 
159 
188 

A i r  I N2 I A r  

Year 

1992 
1993 
1994 
1995 
1996 
1997 
1998 
1999 
2000 
2001 
2002 
2003 

432 
329 
145 

T o t a l  
impu 1 se , 
reboos t 
N-sec/yr 

2.16 Et06 
2.11 E+O6 
1.87 EtOb 
1.63 E+06 
1.45 Et06 
1.21 E+O6 
1.03 E+06 
1.03 Et06 
1.21 Et06 
1.63 E+06 
1.99 E+O6 
2.34 E+O6 

1.97 Et07 

I I 

co2 - 
405 
342 
119 

TABLE I V .  - RESISTOJET PERFORMANCE WITH STEAM PROPELLANT 

[ I n l e t  pressure = 21 N/cm2.] 

Steam Mass f l o w  I 'Ez;:fr I generator  I r a t e ,  
power, kg/hr I w  IL 

0.77 
.64 
.60 
.53 
-45  

S p e c i f i c  Thiist* /impu lse ,  I 
I I 

TABLE V .  - PROPULSION REQUIREMENTS FOR THE MAN-TENDED PLATFORM 

[ S p e c i f i c  impulse = 152 sec. 3 reboos ts  pe r  yea r . ]  

F i n a l  
n l  t i  tude, 

km 

363 
356 
350 
342 
336 
330 
325 
325 
330 
342 
354 
363 

Time pe r  
reboost ,  

days 

5.5 
5.0 
4.5 
3.1 
3.3 
2.8 
2.4 
2.4 
2.8 
3.7 
4.7 
5.5 

P r o p e l l a n t  
mass, 
k g h r  

1 450 
1 416 
1 254 
1 093 

973 
81 2 
691 
69 1 
81 2 

1 093 
1 334 
1 573 

13  192 
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FIGURE 6 .  - PHOTOGRAPH OF MULTIPROPELLANT RESISTOJET MODULE. 
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FIGURE 9. - SKETCH O f  THE MAN-TENDED INDUSTRIAL SPACE FACILITY. 
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